Reactively rf magnetron sputtered AIM films as gate dielectric 
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A1N films were deposited on silicon (100, 111), fused quartz and GaAs (100) by sputtering in an 
Ar:N 2 gas mixture. We report on the physical and chemical analysis of the films with the aid of 
scanning electron microscopy, x-ray diffraction, and Auger electron spectroscopy. The films were 
found to be transparent with a c-axis orientation. Their bulk resistivity was 10 13 /2-cm. Quasistatic 
C-Kana!ysis of Al/AIN/Si gave a flat-band voltage of 0.85 V ( density of fixed charge of 6x 10 10 
cm" 2 and a density of fast interface charge of 1.5 X 10' 1 cm"" 2 eV" 1 at midgap. These films were 
formed at 250 *C and offer an attractive fabrication alternative for gate dielectric. 

PACS numbers: 81.1 5.Ef 



I. INTRODUCTION 

Recently considerable interest has been shown in alu- 
minum nitride (AIN) films because of their optical, electri- 
cal, dielectric, and acoustic properties. The chemical and 
thermal stability as well as high resistivity of the films makes 
them suitable as insulating and passivating layers in semi- 
conductor devices. Additionally, AIN films have potential 
oplication for high frequency monolithic surface acoustic 
Jave (SAW) devices because of their large electromechani- 
cal coupling constant and high acoustic velocity. AIN films 
have been prepared by chemical vapor deposition (CVD), 1,2 
ion implantation, 3,4 and ion plating. 3 In these techniques, the 
substrate temperature during deposition was rather high. 
For example, Morita et a/. 6 have obtained epitaxial growth 
of AIN on Si using organometallic CVD system at a sub- 
strate temperature of 1260 In another CVD system, 7 the 
films have been deposited by the reaction of aluminum tri- 
bromide and ammonia in a temperature range of 600- 
900 "C However, for the sake of compatibility with other 
processing steps in the production of semiconductor devices, 
there is a need to develop techniques for the deposition of 
AIN films at temperatures less than 400 "C. Deposition at 
low temperature reduces the thermal stress in the insulator- 
semicoductor interface and also allows the fabrication of de- 
vices which require a metal electrode beneath the film. 

rf or dc sputtering techniques*" 1 1 are generally used to 
deposit oriented films at low temperatures. Addition of mag- 
etron capability to the sputtering system confines the sec- 
ondary electrons emitted from the target. This trapping of 
the electrons reduces the electron bombardment of the sam- 
ple surface, and also allows better control of the substrate 
temperature. Higher sputtering rates are also possible using 
magnetron sputtering. We report on the deposition of AIN 
by reactive rf planar magnetron sputtering and its structural 
analysis by x-ray diffraction (XRD) r Auger electron spec- 
troscopy (AES), and scanning electron microscopy (SEM). 
The electrical properties of Al/AIN/Si have been investigat- 
ed by both high frequency and quasistatic C-V measure- 
ments. 

II. FILM GROWTH 

In this study, an rf sputtering system (Perkin Elmer 
2400 8J) with a magnet assembly was used to prepare AIN 



films. A target of aluminum with 5N purity and a diameter 
of 8 in. was used. The sample temperature was determined 
with a chromel-alumel thermocouple inserted through the 
side and screwed from the bottom of the substrate holder. 
The substrate makes thermal contact to the^ubstrate holder. 
The substrates were thoroughly cleaned just prior to deposi- 
tion. The cleaning sequence for silicon was the removal of 
organic impurities (trichloroethylene, acetone, methanol, 
sulfuric acid/hydrogen peroxide) removal of oxide layer 
(buffered HF) and the removal of any metallic or ionic im- 
purities (hydrochloric acid/hydrogen peroxide). The sub- 
strate heating sequence was started after pumping the 
chamber to a pressure of 1 X 10" 6 Torr. Once the substrate 
temperature was stabilized and the chamber pressure re- 
duced to 4X 10" 7 Torr, the sputtering gases (Ar and N 2 ) 
which were premixed using flowmeters were introduced 
through a precision leak valve. A thermocouple gauge was 
used to monitor the pressure. The gases at desired pressure 
and ratios were allowed to flow for 15 min to purge the 
chamber and also to further stabilize the substrate tempera- 
ture before sputtering. With the shutter covering the sub- 
strate, the target was sputter cleaned for 20 min in argon and 
in 20 min in the gas mixture. The deposition of the film was 
started by removing the shutter from the substrate. Various ' 
parameters — pressure, temperature and rf power — have 
been varied for depositing AIN films. Typical deposition pa- 
rameters are given in Table I. Low rf power (less than 200 W) 
was used to minimize substrate heating and lattice damage 
due to electron and ionic bombardment respectively. 

III. FILM EVALUATION 

A. Physical and chemical properties 

The AIN films were evaluated using optical and scan- 
ning electron microscopy, x-ray diffraction, and Auger elec- 

TABLE I. Typical deposition parameters. 



Gas pressure 

Sputtering gases 

Target to substrate distance 

rf power 

dc voltage 

Substrate temperature 
Deposition rate 
Target 



8 mTorr 

Ar + N,(20:80) 

6 crrr 

100-200 W 
100 V 
250 'C 
IS A /min. 

Al-99.999% pure, 8-in. diam. 
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HO. t. Scanning electron micrograph of cleaved edge of AlN film on Si. 
showing the columnar structure. 

sbSs the x-ray diffraction pattern of0.2-/im-thick AlN film 
£S5 on a Si dOO) substrate The present ^n y the 
inrm oeak indicates c-axis orienUtion of the film. The posi 

SdS ™i«Uri Si 1100) sample Wbr. «*-!»•■• 
™,™»t <m«nu.io» « »1» obutarf for. MN In 

S on Si (111). CAs W - «^£SU *. 

An Auser analysis was performed in order to stuay 
bulktnViSace composition of the AlN/S structure. A. 
IpLTAuger spectra of the film after a two , mmute sputter- 
SShown in Fig- 3- From this, it is clear that in the bulk of 
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HO 3 Auger spectra in the bulk of the AlN film. The peak at (215 eV) is 
due to argon which was used to sputter profile the film. 

slightly higher because of the thin native oxide on Si surface. 
Hanuperguc * a/.' have reported on carbon —na^n 
fa, theiYfilms deposited by reactive £ 
present work, the carbon content is lower than the AES oe 
tection limit (1%). 

B. Electrical properties 

In order to study the dielectric properties of the AlN 
fi, m s metal-oxide-semiconductor (MIS, 
w^t-rf The irate electrodes with a diameter of 25U/im were 

a^etal mL Subsequently, aluminum was evaporated on 
tackof the Si wafer in order to obtain an ohanc «»Urt. 
Se MIS structure was heat treated for 30 mb » N, atmo- 
sphere at 425 "C in order to anneal the dielectric film and 
a so ?orl the ohmic contact on back of *j 
After annealing, no significant difference result were 
observed between the samples V^J^SSS^ 
ma» evaporation of the gate ^^^Z^ 




(002) peak of the AlN film and the peak oHlOO) 5.. 
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itnn KHil C-V curve of Al/AIN/Si structure. 
FIG. 4. High frequency (100 KH* ^ ' ™ 
Carves were obtained with both pos.ttve and negattve ramp 
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aid of a high oxygen concentration, up to 50%. However, 
our annealed AIN films bav^ consistently exhibited bulk re- 
sistivities in excess of JO 15 fl-cm in spite of a much lower 
oxygen content. Typical breakdown fields were 6xl0 ft 
Vein -1 . 

High frequency C-V measurements were carried out on 
MIS capacitors. Typical voltage ramp rates were 10-100 
mVsec* 1 and the high frequency modulation amplitude 
was kept bel w 50 mV to avoid broadening of the C-V 
curves. Figure 4 shows a C-Kcurve obtained at a frequency 
of 100 kHz. Measurements were taken for both positive as 
well as negtive ramp rates. No hystereisis in the flat-band 
voltage was observed as long as the bias voltage was below 
+ 5V. A minor deviation in the value of the capacitance at 
the onset of inversion was observed. This is due to the differ- 
ences in the relaxation times associated with the generation 
and elimination of the charges in the inversion layer. The 
capacitance at large positive values of bias voltages was 
found to be independent of the test frequency between 100 
Hz and 1 MHz. Hence, the dielectric constant of AIN exhib- 
its no frequency dispersion in that range. 

The shape of the C-K curve in Fig. 4 shows that the 
Fermi level at the AIN-Si interface is not pinned by extrinsic 
surface states. The saturation of the capacitance at both 
large positive and negative bias voltages is due to the forma- 
tion of accumulation and inversion layers respectively. This 
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FIG. 5la|. Quasistatic C-V curse of Al/AlN/Si structure, (b) Variation of 
surface potential with applied bias. The surface potential is measured with 
respect to the Fermi level. 
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requires a swing in the surface potential across the entire 
band gap. Further evidence of this is presented by an analysis 
of the quasistatic C-K curves as described below. 

An essentially zero frequency C-V curve can be ob- 
tained by a measurement of the displacement current at a 
constant ramp rate. This technique was used to investigate 
the AI/AlN/Si MIS structures and a typical result is illus- 
trated in Fig. 5(a). Formation of the inversion layer is evi- 
denced by the sharp turn on at 0. 1 V, asymmetry in the dip, 
and identical values of capacitance in both accumulation 
and inversion. By using the integral method of Kuhn, 13 this 
curve was analyzed to determine the variation of the surface 
potential with bias voltage. This is shown in Fig. 5(b). A flat- 
band voltage Vfy of 0.85 V was determined. This is close to 
those obtained by Morita et aL u and Hantzpergue et al. 15 
These authors estimated theoretical K ft to be 0.9 V for a Hg/ 
AIN/Si system. The work function difference between Al 
and Hg is - 0.25 V. Therefore, the expected for Al/ 
' AIN/Si is 0.65. Using this value of we calculated the 
density of fixed charge Q„ in our sample tobe6x 10 lo cm~\ 
This value of 2a is close to the minimum-reported by Hantz- 
pergue et a/., 13 and is well below the ones obtained by Gerova 
et a/. 11 and Sibran et al. 12 

A comparison of the experimental quasistatic C-K 
curve with a theoretical one can be used to obtain a distribu- 
tion of the surface states 1 ' across the entire band gap. Th 
result of such an analysis is illustrated in Fig. 6. A U-shaped 
distribution was obtained with a minimum at midgap. This 
minimum value of N„ was determined to be 1.5X10 11 
cm" 2 eV" 1 and it compares favorably with the results of 
Morita et al. u who obtained the AIN film by the high tem- 
perature ( 1 200 *C) process of metalorganic CVD. The distri- 
bution of surface states in the gap obtained in this investiga- 
tion is in sharp contrast with the one obtained by Bouteville 
et aL {(t who observed a maximum in N a near midgap. How- 
ever, these authors used CVD to obtain the AIN films. 

The value of N a was found to depend on the oxygen 
content at the interface. 17 When the oxygen content at the 
interlace was low t < 5%), generally we obtained higher val- 
ues of (5 X 10' ' cm-' eV- ') with the same flat-band vol- 
tage of 0.85 V, It appears that the presence of an aluminum- 
oxy-nitride layer at the interface reduce* the density of 
states. 
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IV. CONCLUSION 

Reactive rf magnetron sputtering in an AnN 2 gas mix- 
ture was used to deposit films of AiN. The films were found 
to be c axis orientated on crystalline and noncrystalline sub- 
strates. Sputter AES analysis was used to confirm the com- 
position and the homogeneity of the film which generally 
contained less than 5% oxygen. The film exhibited bulk re- 
sistivities in excess of cm. The AIN/Si interface was 
characterized by a fixed charge density Of 6 X 10 10 cm~ 2 and 
a fiat-band voltage of 0.85 V. Detailed analysis for the den- 
sity of fast interface states has been carried out. A U-shaped 
curve was obtained across the band gap with a minimum at 
midgap of IjX \Q U cm" 2 eV" 1 . This study has demon- 
strated that A1N films can be obtained with reactive rf mag- 
netron sputtering at substrate temperatures well below 
400 'C These films which exhibit high bulk resistivities, 
large breakdown fields and low density of surface states are 
suitable as gate dielectric for metal-insuiator-semiconductor 
field-effect transistors (MISFETs). 



ACKNOWLEDGMENTS 

The authors wish to thank Tom Loughran for sample 
preparation and Benjamin Monderer for his technical assis- 
tance in electrical characterization. 



! T. L. Chu and R. W. Kelm, J. Electrochem. Soc, 122, 993 (1975) 
3 R. S. FCagiwada, R. H. Yen, and K. F. Lau, 1978 1EE£ Ultrasonics Sympo- 
sium Proceedings, Cherry Hill, New Jersey (IEEE, New York, 19781. d. 
398 

'0. N. Kuznezov, L. V.Lejaiko, E V. Liubopitova, L. S. Smironov, U. V. 

Shmarzev, and R A. Edlexnan, Fiz.TeSh, Poiuprovodn 11, 2123 (1976) 
*N. Liesice and R. Hezel, J. Appl. Phys. 52, 5806 (1981). 
5 Y. Murayama and K. Kashiwagi, J. Vac Sci. Technoi, 17, 796 (1980). 
*M. Morita, S. Isogai, N. Shimizu, K. Tsubochi, and N. Mikoshiba, Jpn 

Appl. Phys, 20, LI73 (1981). 

7 Y. PauJeau, A. BouteviJIe. J. J. Hantzpergue, J. C Remy, and A. Cachard, 

Bull. Soc. Chim. (France) 1, 127 (1980). 
"S. Mirsch and H. Rcimer, Phys. Status Solidi 11, 631 (1972). 
°J. J. Hantzpcrgue, Y. Pauleau, and H. C Remy, Thin Solid Films 7S, 167 

(1981). 

1n T. Shiosaki, T. Yamamoto, T. Oda, and A. Kawabata, Appl. Phys. Lett. 
36.643(1980). 

"E V. Gerova, N. A. Inanov, and K. L Kirov, Thin Solid Rims 81, 201 
(1981). 

,J C. Stbran, J. P. Lanteri, M. Garrigues, R. Blanche!, and P. Viktorovitch, 
Workshop on Dielectric Systems for IH-V Compounds, San Diego. CA 
(June 1982). 

"M. Kuhn, Solid State Electron. 13, 873 (1970). 

,4 M. Morita, S. Isogai, K. Tsubouchi, and N. Mikoshiba, Appl. Phys. Lett. 
38,50(1981). 

,fl J. J. Hantzpcrgue, Y. Pauleau, and J. C Remy, Proceedings of the 8th 
International Vacuum Congress, Lc Vide, Les Couches Minces, Suppl. 
No. 201, Vol. ],p. 546(1980). 

'*A. Bouteville, Y. Pauleau, J. L Hantzpergue, J. C Remy, and G. Sarra- 
bay rouse, Proceedings of the 8th International Conference on Chemical 
Vapor Deposition, Gouvieux, France (The Electrochemical Society, Pen- 
nington, New Jersey, 1 98 1), p. 393. 

"A. Fathimulla and A. Lakhani (unpublished). 



4589 J. AppL Phys., Vol. 54, No. 8, August 1 983 



A. Fathimulla and A. A. Lakhani 4509 



